Introduction-Hamstring strain injuries are common in sports that involve high speed running. It remains uncertain whether the hamstrings are susceptible to injury during late swing phase, when the hamstrings are active and lengthening, or during stance, when contact loads are present. In this study we used forward dynamic simulations to compare hamstring musculotendon stretch, loading and work done during stance and swing phases of high speed running gait cycles.
Introduction
Muscle strains are a common injury among athletes, with the hamstrings being particularly susceptible to injury in sports that involve high speed running (16, 28, 41, 52) . For example, musculotendon strains accounted for nearly half of all injuries for a National Football League team during pre-season practice, with hamstring strains being the most common and requiring the most time (average of 8.3 days) away from sport (14) . Similarly in the Australian Football League, hamstring strains are the single most common injury with approximately six injuries per club per season, and 33% of those being recurrent injuries (24) . The susceptibility of the hamstrings to injury during high speed running is likely linked to the biomechanical demands placed on the muscle, though debate continues as to whether injury is more likely during the stance or swing phase of a running gait cycle (22, 32, 37, 40, 53) . Resolving this issue is relevant for designing the type of resistance training that may be most effective for preventing initial or recurrent injuries. Specifically, injury prevention programs would ideally incorporate aspects (e.g. lower extremity postures, muscle lengths, contraction type) that are most similar to the conditions associated with injury, such that the athlete can optimize the gains in functional strength (23) and minimize the risk of future injury.
Animal models have been used to establish relationships between musculotendon mechanics and injury risk. When stretching a maximally activated muscle, the degree of muscle injury is related to the magnitude of fiber strain and negative work done by the muscle (17, 29, 30) . However when active stretch-shortening cycles are imposed on a musculotendon unit, the degree of strain taken up by the fibers can change with time, making the muscle potentially more susceptible to injury after repeated loading cycles (9) . These insights are potentially relevant for understanding hamstring injury mechanisms. In particular, the biarticular hamstrings are known to undergo an active stretch-shortening contraction during the late swing phase of running gait (48, 49) , with the amount of negative work increasing significantly with running speed (10) . Thus, the hamstrings may be susceptible to a late swing injury as a result of repetitive strides of high speed running (22, 40) . However, others have argued that the hamstrings are more likely to be injured during stance phase when the limb is subjected to external loading via foot-ground contact (32, 37) . Indeed, EMG activity indicates the hamstrings are active into stance phase (26, 43, 51) . In addition, a recent study suggests that the hamstrings may also undergo a lengthening phase during late stance (53) . However to date, there have been limited attempts to measure ground reactions during sprinting (27, 33, 36) , and no prior studies that have used such data to analyze hamstring kinetics during stance.
The purpose of this study was to directly compare hamstring kinetics between stance and swing phases of a sprinting gait cycle. We hypothesized that peak loading and negative work would be greater during swing than stance, and that these measures would increase significantly with speed. The information obtained in this study provides a more complete understanding of hamstring demands during normal sprinting gait, which is important for scientifically assessing how specific exercises may be most effective in reducing injury rates.
Methods

Subjects
Twelve subjects (9 males, 3 females) volunteered to participate in this study (age: 24.5 ± 4.1 yrs, height: 176.1 ± 5.0 cm, mass: 70.2 ± 8.8 kg). The average maximum treadmill running speeds were 8.0 m/s and 7.1 m/s for males and females, respectively. All subjects had no prior surgical history in their lower extremity and had no lower extremity injury and/or pain in the three months prior to testing. The testing protocol was approved by the UW Institutional Review Board and all subjects provided informed consent in accordance with institutional policies.
Experimental protocol
Whole body kinematics were recorded using 42 reflective markers placed on the body segments of each subject; 23 of which were located on anatomical landmarks (Figure 1a) . EMG activities were recorded from single differential surface electrodes (DE-2.1, DelSys, Inc, Boston, MA) placed on seven muscles of the right lower limb: biceps femoris (BF), medial hamstrings (semitendinosus (ST) and semimembranosus (SM)), vastus lateralis, rectus femoris and medial gastrocnemius. Each subject ran on an instrumented treadmill at a preferred speed to warm up, prior to sprinting at 80, 85, 90, 95, and 100% of his/her maximum speed, with a minimum of 5 strides (~5 s) collected at each speed. Two additional trials were collected to scale a biomechanical model to each subject: 1) a quiet standing position, to establish segment lengths, joint centers and joint coordinate systems, and 2) a hip circumduction movement (both the right and left sides), to determine functional hip joint centers (38) .
Data acquisition
Three-dimensional kinematics were collected at 200 Hz using an 8-camera passive marker system (Motion Analysis Corporation, Santa Rosa, CA). Kinematic data were then low pass filtered using a bidirectional, 4 th order Butterworth filter with a cutoff frequency of 12 Hz. Three dimensional ground reaction forces and moments were also recorded at 2000 Hz using an instrumented treadmill (Bertec Corporation, Columbus, OH). These ground reactions were then low-pass filtered using a bidirectional 6 th order, low pass Butterworth filter with a cutoff frequency of 25 Hz. Foot contact and toe-off times were identified as the times when the vertical ground reaction force went above and then fell below 50 N. EMG activities were interfaced to an amplifier unit (Bagnoli-16, DelSys, Boston, MA; CMRR > 84 dB at 60 Hz; input impedance > 100 MΩ) and recorded at 2000 Hz. The EMG signals were subsequently full-wave rectified and low pass filtered using a bidirectional, 6 th order Butterworth filter with a cutoff frequency of 20 Hz. Ensemble-average EMG activities were generated over the sprinting gait cycle by aligning foot strikes, normalizing to peak EMG activity and averaging activation patterns across multiple strides and subjects. For each muscle, the distribution of EMG activity over the gait cycle was quantified by computing the percentage of activity seen in three phases: stance phase (foot contact to toeoff), first half of swing phase (swing 1, toe-off to peak knee flexion) and second half of swing phase (swing 2, peak knee flexion to foot contact).
Musculoskeletal model
The body was modeled as a 14 segment, 31 degree of freedom (DOF) articulated linkage ( Figure 1a ). Anthropometric properties of body segments were scaled to each individual using the subject's height, mass, and segment lengths (12) . The functional hip joint centers were used to scale the medio-lateral width of the pelvis. The hip joint was modeled as a ball and socket with three DOF. The knee joint was represented as a one DOF joint, in which the tibiofemoral translations and nonsagittal rotations were constrained functions of the knee flexion-extension angle (50) . The ankle-subtalar complex was represented by two revolute joints aligned with anatomical axes (13) . The lumbar spine was represented as a ball and socket joint at approximately the 3 rd lumbar vertebra (1). For each trial, joint angles were computed at each time step using a global optimization routine to minimize the weighted sum of squared differences between the measured and model marker positions (31) .
Musculotendon actuators were represented by a series of line segments connecting the origin to the insertion with wrapping about joints and other structures accounted for with wrapping surfaces (4) . The input to each musculotendon actuator was an idealized excitation level that varied between zero and one (full excitation). Muscle excitation-to-activation dynamics was represented by a first order differential equation that had a faster time constant during activation (10 ms) than deactivation (30 ms). A Hill-type lumped parameter model ( Figure  1c ) of musculotendon contraction dynamics was used to relate activation to force, with muscle fibers assumed to be in series with an elastic tendon (39, 54) . Force produced by the musculotendon actuator was applied to the segment in which the tendon was attached.
Passive joint torques (eq. 1) were included to account for uniarticular, passive-elastic structures at the hip, knee and ankle; defined as a function of the joint angle (q) and angular velocity (u) with parameters (k 1 , k 2 , r 1 , r 2 , φ 1 , φ 2 , c) taken from literature (42) .
The equations of motion of the musculoskeletal model were derived using SDFast (Parametric Technology Corporation, Waltham, MA) and SIMM Pipeline (Musculographics Inc., Chicago, IL).
Forward dynamic simulations
We generated muscle-actuated forward dynamic simulations of sprinting to characterize hamstring stretch, force and work. A total of 52 musculotendon actuators (26 actuators on each limb) were used to actuate two DOF on each limb (hip flexion-extension, knee flexionextension). All other DOF were prescribed to follow the measured kinematic trajectories, thereby accounting for inter-segmental dynamics (55) . Simulations were generated for a minimum of 5 strides at each speed for each subject (Figure 1d ).
A computed muscle control (CMC) algorithm was used (10, 44) to generate muscles excitations that drove the forward dynamic model to closely replicate experimental hip and knee kinematics. Muscle redundancy was resolved by using numerical optimization (20) to minimize the sum of the squared weighted normalized contractile element forces (eq. 2 and Figure 1b ):
where the weighting factor, w i is the volume of muscle i, is the contractile element force of muscle i, is an active force-length scaling factor, and is the maximum isometric force of muscle i. We included constraints in the optimization problem (no hamstring excitation from 20-40% gait cycle, and no rectus femoris excitation from 15-35% gait cycle) to ensure that hamstring and rectus femoris muscles were not excited when EMG data indicates they are not normally active (10) .
Simulations were used to characterize the musculotendon stretch, force and power development of the biarticular hamstrings: BF, ST and SM. Musculotendon stretch was defined as the change in length of the musculotendon unit from an upright posture. Upright musculotendon lengths were computed by setting all joint angles to zero in the subjectspecific scaled model. The musculotendon power generated (absorbed) was computed as the product of the force and musculotendon velocity. The negative and positive musculotendon work was computed by integrating the respective negative and positive portions of the power curves. The three biarticular hamstring musculotendon works were then added to obtain a measure of net negative and net positive hamstring musculotendon work.
Data Analysis
A two-way repeated measures analysis of variance was used to determine the effects of gait cycle phase and normalized speed (80, 85, 90, 95, and 100%) on the magnitude of peak force. A one-way repeated measures analysis of variance was then used to determine the effect of speed on net negative and net positive musculotendon work. Tukey's post hoc test was used to analyze significant main effects. The statistical analyses were completed using STATISTICA (version 6.0, StatSoft, Inc, Tulsa, OK, USA) with a significance level of 0.05 for all comparisons.
Results
The CMC algorithm generated simulations that closely tracked the experimental kinematics. Root mean squared error (RMS) for the hip and knee flexion/extension angles were 1.5 ± 0.5° for hip flexion-extension and 2.8 ± 0.8° for knee flexion-extension when the hamstrings were active. The pattern of predicted muscle excitations were generally similar to measured EMG activities (Figure 2 ). Mean hamstring excitations tended to be slightly less than measured EMG activities during the second half of swing phase, but were then greater than measured EMG magnitudes during stance ( Figure 2 , Table 1 ).
The hamstring musculotendons lengthened from approximately 50% to 90% of the gait cycle, with the negative work done only during swing phase (Figure 3 ). The hamstrings shortened and did positive work from 90% of the gait cycle throughout the subsequent stance phase. Net negative and positive musculotendon work both increased significantly (p<0.001) with speed ( Figure 4) ; however, net negative hamstring work increased at a faster rate than positive work as speed increased (Figure 4 ).
Two distinct loading peaks were present for the hamstrings ( Figure 3) ; one during late swing (between 85 and 95% of the gait cycle) and the second during early stance phase (between 0 and 15% of the gait cycle). A significant (p<0.001) speed by phase interaction was present for peak load of the BF and SM. Peak musculotendon force during swing increased significantly (p<0.001) with speed ( Figure 3 ) for all 3 muscles (Table 2) , while peak force during stance was independent of speed (Table 2; Figure 4 ). Peak swing phase force at the fastest speed exceeded peak stance phase force for the BF long head. At all speeds, the SM swing phase force exceeded the stance phase peak force. ST peak forces were not significantly different between swing and stance phase at the fastest speed (Table 2) .
Discussion
In this study, we extended our prior analysis of hamstring kinetics during swing (10, 45, 46) to stance phase, thereby providing insights into when the hamstrings seem most susceptible to injury. The sprinting simulations predict that BF loading increases with speed during swing but not stance, and further that peak stretch and negative work demands occur exclusively during swing. These data lend further evidence to the belief that inertial loads put the lengthening hamstrings at risk for injury during high speed forward running (10, 22, 40) . We do note that our analyses are limited to constant speed forward running; similar to the types of hamstring loading observed in a track sprinter. The hamstring loads that occur during sudden accelerations and turns could certainly factor into injury risk, and should be considered an important area of further study.
Prior studies of sprinting kinetics have been limited to joint level analyses (27, 33, 43) . However, characterizing injury risk based solely on joint analysis is challenging due to the biarticular nature of the hamstrings. For example, peak hip and knee angles vary significantly with running speed (27, 48) , while peak hamstring stretch remains invariant as sprinting speed increases (10) . While increased hip flexion causes the hamstrings to be stretched this stretch can be offset by shortening from greater knee flexion at fast speeds (47) . Similarly, it has been shown that hip and knee joint moments and powers increase with speed (27) , but the associated biomechanical demands on the hamstrings are more difficult to determine.
Our results suggest that the hamstrings are substantially loaded during both the stance and swing phases of high speed treadmill running. However, we found that the hamstrings only undergo a lengthening contraction during late swing phase and thus negative muscle work is constrained to this phase. This result is similar to a number of prior kinematic studies (10, 48, 49, 51) , but contrasts with Yu, et al. (53) , who reported that the hamstrings undergo a second lengthening period during the late stance phase of overground running. Conceptually, hamstring lengths are primarily a function of hip and knee flexion angles. For example, the hamstrings are lengthening during late swing when the hip is flexing and the knee is extending, as both of these motions contribute to hamstring stretch. However, the hip starts to extend prior to foot contact and continues to extend throughout stance (47) ; the knee flexes until mid-stance and then extends until toe-off. Therefore, if hamstring stretch is to occur during the second half of stance, the hamstring lengthening due to knee extension would have to exceed the hamstring shortening due to hip extension. Further because the hamstring moment arms at the hip are greater than at the knee (13, 47) , the knee extension velocity would have to exceed the hip extension velocity. However, sagittal hip and knee angular velocities during stance tend to be of comparable magnitude (27) , making it unlikely that substantial hamstring stretch is occurring during stance.
Animal models of muscle injury show that active lengthening contractions are linked with injury (30) , and that the degree of injury seems to be associated with the negative work done by a maximally activated muscle (8) . In this study, we have shown that negative work performed by the hamstrings occurs exclusively during the swing phase, suggesting that the likelihood of a strain injury is greater during swing than stance. Further, hamstring loading was found to increase significantly with speed during swing but not stance, providing further support for injury susceptibility during the swing phase of high speed running. Repeated stretch shortening cycles have been shown to increase risk for injury in animal models (9) , such that repeated strides of high speed running may contribute to the injury risk susceptibility.
There are a number of assumptions that are important when interpreting the model-based results in this study. First, we relied on literature-derived estimates for parameters such as tendon compliance, maximum isometric force, optimum fiber length, and musculoskeletal geometry (4, 13) . We have previously shown that tendon compliance can substantially influence estimates of muscle fiber stretch and work (46) . For this reason, we limited our comparisons in this study to net musculotendon stretch and work, which are less dependent on specific musculotendon parameters (46) . In addition, we note that the speed-dependent changes in peak loading and negative work were similar (Table 2 ) for all three biarticular hamstrings (which have different force capabilities, fiber lengths and geometries), which supports the idea that specific parameter assumptions did not pre-determine the observed results.
A numerical objective function, sum of weighted squared normalized forces (11) , was used to resolve muscle redundancy. While predicted excitations were of comparable magnitude to normalized EMG activities during late swing (Table 1) , the predicted BF excitation onsets were slightly delayed relative to EMG phasing (Figure 2) . We used sensitivity analyses to determine how dependent the BF musculotendon force predictions are on excitation onset. We found that shifting the BF excitation onset time to 5% earlier in the gait cycle increased the swing phase peak force by 4%, while having a small (<0.5%) effect on stance phase forces. These differences are less than the force discrepancies seen between stance and swing at the fastest running speed (Figure 3) . Predicted hamstring excitation magnitudes during stance tended to be larger than measured EMG activities, while gastrocnemius excitations tended to be under-predicted in this phase ( Figure 2 , Table 1 ). This could be a result of not including active ankle actuation in the simulations, such that gastrocnemius excitation was not required to actively generate an ankle plantarflexion moment. Reduced gastrocnemius excitation also diminishes its contribution to the knee moment, and as a result hamstring excitation in early stance could have been over-estimated.
Measured ground reactions were directly applied to the feet, rather than dealing with the complexity of modeling the foot-floor interactions (2,18,19,34,35) . We low-pass filtered the ground reactions at 25Hz, which is lower than is often done when analyzing running mechanics (15, 25) . This decision was based on a recent study by Bisseling and Hof (6), who suggested that using substantially different cutoff frequencies for kinematic and force data can introduce artificial peaks into computed joint kinetics (6) . The 25Hz cutoff frequency adopted for this study was selected to mitigate this effect while retaining the high frequency information present in the ground reactions at contact. It is also important to recognize that one of our primary outcome measures (musculotendon work) is an integrated quantity, rather than an instantaneous quantity, and thus is less susceptible to choice of filter cutoff frequencies. However, we do note that the calculation of peak biomechanical loads during impact remains a challenging problem, and additional work on the appropriate selection of kinematic and kinetic filters (6) is warranted.
Defining the musculotendon demands during sprinting at the likely time of injury provides direction as to the type of resistance training that may prove most beneficial in preventing an initial or recurrent hamstring injury (23) . For example, if injury occurs during the swing phase, which we suggest, then resistance training of the hamstrings may be most effective when performed with lower extremity postures that place the muscle in an elongated position (e.g., hip flexion with knee extension) (21) . Further, lengthening (eccentric) contractions under inertial load would likely be an essential component of the prevention and rehabilitation strategy. This contraction-specificity with respect to hamstring injury prevention is supported in prior studies that demonstrated the successfulness of an eccentricfocused resistance training program (3, 5, 7) . Finally, characterizing the load during the sprinting gait cycle enables the relative intensity of the resistance training to be more scientifically determined.
In conclusion, our data suggests that the hamstrings are at greater risk for injury during the late swing phase of high speed running when compared to stance phase. Late swing phase is when the biomechanical demands placed on the hamstrings seem most consistent with muscle injury mechanisms. Based on the results from this study, a rehabilitation program incorporating eccentric focused exercises is likely to have greater benefit over programs which focus on concentric loading of the hamstrings. A graphical depiction of how the simulations were generated. (a) Kinematic and kinetic data were first collected as each subject sprinted on a treadmill. (b) A computed muscle control algorithm (31) was used to generate the excitation patterns that drove the limb to closely track measured hip and knee kinematics. (c) Excitations were inputs into Hill-type models of musculotendon dynamics, which produce force that drive sagittal plane hip and knee motion. All other degrees of freedom were prescribed to follow measured trajectories, while ground reaction forces and moments were applied directly on the lower limbs. (d) Simulations were then generated, from which hamstring force, negative and positive work could then be determined. At maximal sprinting speed (100%), the timing of simulated muscle excitations (solid lines, average over all subjects) and measured electromyographic (EMG) activities (shaded curves) are shown to be relatively consistent. EMG activities are the mean (± 1 s.d.) rectified, low-pass filtered activities over all subjects. In the model, the medial hamstrings (semitendinosus and semimembranosus) and iliopsoas (iliacus and psoas) are represented as two individual muscle line segments. Three line segments in the model were used to represent the broad attachments of gluteus maximus. The average musculotendon mechanics of the hamstring muscles over a simulated sprinting gait cycle for a representative subject. The length excursions (Δℓ MT ) of the hamstring musculotendons are relatively consistent across running speeds, with the lengthening phase constrained to swing phase. Peak swing phase musculotendon forces increased with speed for each of the hamstring muscles while stance phase peak forces remain invariant with speed. The hamstrings are stretching and do negative work (i.e. integral of negative power) on the system from 50 to 90% of the gait cycle, and then shorten and do positive work at the end of swing through stance phase. Peak biceps femoris loading during swing phase significantly (p<0.001) increases with speed, and significantly (p<0.003) exceeds the loading incurred during stance at the fastest speed. Both net negative work and positive work increase as running speed increases, with net negative work increasing at a faster rate with speed than net positive work. The net work values shown are the sum of all three biarticular hamstring work (negative and positive). Table 1 Comparison between the mean (sd) measured EMG activities and model-predicted excitations (EXC) over stance, and the first (swing 1) and second (swing 2) half of swing during the maximum speed (100%) sprinting gait cycle. EMG and excitations (EXC) magnitudes during each phase are expressed as a percentage of the mean activity over the full gait cycle. Stance is the phase between heel contact and toe off, swing 1 is from toe-off to peak knee flexion and swing 2 is from peak knee flexion to heel contact. (10) 5 (9) 46 (11) 36 (6) Medial Hamstrings 30 (14) 51 (11) 21 (11) 5 (8) 49 (11) 44 (7) Rectus Femoris 30 (16) 34 (16) 44 (15) 53 (17) 26 (8) 13 (6)
Vastus Lateralis
31 (18) 64 (7) 20 (15) 8 (12) 50 (19) 
(7)
Medial Gastrocnemius 42 (15) 35 (9) 18 (13) 34 (9) 40 (15) 31 (10) Table 2 Mean (s.d.) kinematic and kinetic measures of the hamstring muscles across all subjects. Peak musculotendon stretch and the loading during stance phase were invariant across running speeds for the biceps femoris (BF), semimembranosus (SM) and semitendinosus (ST) muscle. However, swing phase peak force, and the positive and negative musculotendon work for all muscles increased significantly (p<0.001) with speed. Peak force during swing exceeded that of stance at the fastest speed for BF. The SM peak swing phase force exceeded stance phase force at all speeds, while stance and swing phase forces were comparable for the ST. Δℓ MT / ℓ o MT = peak musculotendon stretch normalized to its length in an upright posture, F Max = peak musculotendon force, W MT = work done by the musculotendon unit. 
